ABSTRACT The increasing use of geographic information systems (GIS) in epidemiological population studies requires careful attention to the methods employed in accomplishing geocoding and creating a GIS. Studies have provided limited details, hampering the ability to assess validity of spatial data. The purpose of this paper is to describe the multiphase geocoding methods used to retrospectively create a GIS in the Jackson Heart Study (JHS). We used baseline data from 5,302 participants enrolled in the JHS between 2000 and 2004 in a multiphase process to accomplish geocoding 2 years after participant enrollment. After initial deletion of ungeocodable addresses (n=52), 96% were geocoded using ArcGIS. An interactive method using data abstraction from participant records, use of additional maps and street reference files, and verification of existence of address, yielded successful geocoding of all but 13 addresses. Overall, nearly 99% (n = 5,237) of the JHS cohort was geocoded retrospectively using the multiple strategies for improving and locating geocodable addresses. Geocoding validation procedures revealed highly accurate and reliable geographic data. Using the methods and protocol developed provided a reliable spatial database that can be used for further investigation of spatial epidemiology. Baseline results were used to describe participants by select geographic indicators, including residence in urban or rural areas, as well as to validate the effectiveness of the study's sampling plan. Further, our results indicate that retrospectively developing a reliable GIS for a large, epidemiological study is feasible. This paper describes some of the challenges in retrospectively creating a GIS and provides practical tips that enhanced the success.
GIS are essential tools being utilized to investigate the spatial relationships between area context and health. 5 Key ecological and contextual factors that contribute to health outcomes can now be collected, managed, and assessed as a result of GIS technological advances. Many population studies have embraced the use of mapping as a method to investigate spatial clustering and the role of determinants of disease and health outcomes, 3, [6] [7] [8] and others whose resources or study design features precluded such data collection at baseline may have interest in retrospective geographical analyses. Few studies employing geocoding and a GIS have described the detailed methods. The lack of methodological detail limits the use and evaluation of reliability and validity of GIS data and hampers the multidimensional examination of contextual factors on health. In response to widening discussions of validity of spatial data, researchers are beginning to report more detail about geocoding match results 9 or accuracy. 10, 11 This paper describes the multiphase geocoding methods and resulting GIS used to assess baseline JHS participant characteristics and determine urban and rural geographic location in a large population study without geographic data collected at baseline. The protocol provides direction that can be utilized in other studies to increase the spatial sample size and improve the reliability of the geographic data. The discussion also addresses the challenges encountered while conducting this protocol. A detailed protocol for geocoding an existing dataset will become increasingly valuable as advancements in GIS methods and technology are applied to epidemiological and other research.
METHODS
The JHS is the largest single-site, population-based, all-African American longitudinal study ever conducted in the US. Designed to investigate the causes of cardiovascular disease using traditional and novel approaches, 12 the JHS included establishing a GIS for determining the adequacy of the study sampling plan, exploring spatial relationships among variables, and describing the geographic and social characteristics of the spatial data. Between 2000 and 2004, the JHS recruited and examined 5,302 African Americans from Hinds, Madison, and Rankin counties comprising the Jackson, MS metropolitan statistical area (MSA). The MSA includes the urban areas of Jackson and surrounding towns as well as rural areas across the three counties. Details of the study design, recruitment, informed consent procedures, and data collection protocols have been published elsewhere. [13] [14] [15] [16] Briefly, adults between the ages of 35 and 84 were enrolled via four sampling frames: the Jackson, MS site of the Atherosclerosis Risk in Communities (ARIC) study, random, volunteer, and family subsamples. 14, 17 Younger or older family members living outside the tricounty study area were eligible for enrollment in the family substudy. All participants responded to detailed home induction and clinic interviews conducted by trained interviewers and participated in a clinic examination. Mailing address information was collected during these interviews.
Institutional Review Board approval for geocoding and creation of a geographic database using JHS participant data was obtained from the University of Mississippi Medical Center (UMMC) and ratified by Jackson State University and Tougaloo College. Assurances to protect participants' confidentiality were also obtained from the JHS Geographic Data Subcommittee. The official disclaimer on the use of the GIS is posted on the JHS website (http://jhs.jsums.edu/jhsinfo).
Creating a GIS Database
Creating a reliable geodatabase (JHS GIS) that could be used in future studies to examine spatial and contextual relationships was a priority. Our goals were: (1) to successfully geocode 95% or greater of the addresses to the correct census block group, (2) assign latitude and longitude coordinates to each geocode, (3) avoid recontacting participants which would increase participant burden, and (4) minimize positional error without increasing resources and costs significantly.
We used a multiphase process that included: assuring complete participant addresses; geocoding addresses to longitudinal and latitudinal coordinates; validation procedures; classification of and georeferencing participants to census block groups; and linking census sociodemographic characteristics to each block group.
Phase 1: Assuring Complete Participant Addresses Participant's residential mailing address was obtained by trained interviewers during the home induction interview and subsequently entered into the JHS ClinTrial® database by trained data-entry personnel. Because the JHS was not designed specifically for geocoding, mailing addresses rather than physical street addresses were collected at baseline, presenting challenges to geocoding. Addresses that contained post office box numbers or rural route addresses which could not be improved were considered to have the potential for incorrect positioning and error in the geocode. In accordance with results of prior research documenting geocoding bias, geocoding by zip codes if no street address was available was also deemed to have unacceptable locational accuracy and was not conducted. [18] [19] [20] Prior to geocoding, addresses were sorted and searched for obvious data entry and spelling errors. Missing, incomplete, and inaccurate addresses were identified from the database and paper forms were retrieved to abstract the available contact information. If needed, an online telephone directory (www.anywho.com) was used to obtain matching street address information. Only addresses that matched the participant's name were included. An a priori decision was made to exclude geocoding of the family substudy participants living outside the tricounty area for the baseline GIS because the numbers were few (n=13) and locations were widely distributed across the state and US limiting the power to detect spatial neighborhood effects on individual health. Post office and rural route addresses that could not be improved were excluded due to likely positional error, as were addresses outside the tricounty study area.
Phase 2: Geocoding Street Addresses Geocoding was performed in ArcGIS 9.1 21 because of its utility, ability to query data and create maps, and wide use by researchers and a number of industries, including environmental, governmental, and public health agencies. Topologically Integrated Geographic Encoding and Referencing (TIGER©) geographic map files 22 and 2000 US Census data were projected using USA Contiguous Equidistant Conic with North American Datum 1983 (NAD83) geographic coordinate system projection.
The ArcGIS StreetMap USA "US Streets with Zone" address locator, a geocoding engine to perform address standardization and matching based on set parameters, and ESRI 2005 street maps were used to assign each address a geographic location. ArcGIS offers two geocoding methods: automatic matching (batch matching) based on the address match parameters, and interactive matching, where addresses can be reviewed and addresses corrected as needed.
JHS geocoding was done using batch matching followed by interactive rematching. 23 Participants were geocoded and assigned x-(longitude) and y-(latitude) coordinates in decimal degrees using spelling sensitivity of 70%, minimum candidate score of 10%, and minimum match score of 80% as the set parameters. Match scores are assigned based on how well the address attribute matches the address locator in the geocoding engine and are affected by spelling, house number, directional attributes such as north or south and street versus avenue, street name, city, state, and zip code differences. A perfect match has a match score of 100%. Coordinates were assigned during geocoding. Briefly, during geocoding, the ESRI street map uses an address locator with address attributes and indexes to translate nonspatial addresses (e.g., those addresses in a table that contain house number, prefix direction, street name, street type, city, state, etc.) into locations on a map. The points with corresponding coordinates are extrapolated from the spatial data that exists in the address locator on the known locations, including x-and ycoordinates of street intersections and end points of street segments and located spatially on the map. Thus, each geocoded address is a point consisting of a pair of x,y coordinates. 21 Unmatched addresses were reviewed individually and matched if deemed to be acceptable (e.g., if the street name was misspelled). Match scores below 80% were assessed during the interactive rematch procedure. Unmatched files were exported and rematched using a street map locator from the US Census Bureau Mississippi Data Center (www.olemiss.edu/depts/sdc/). Further attempts to locate unmatched addresses included manually geocoding each address using: (1) purchased paper street maps of the tricounty area with temporal copyrights for the JHS baseline examination, [24] [25] [26] [27] and (2) Mapquest (www.mapquest.com) 28 and the US Postal Service (www.usps.com) 29 websites to verify that there was an existing address matching the one recorded in the paper file.
Phase 3: Validation A second geocoding process was performed by an independent researcher without record abstraction for missing or incomplete values. The second geocoding process was performed using ESRI 2000 and 2002 street maps to assign each address a geographic location. This allowed for comparison of the two resulting GIS, enabling the validation and accuracy of the first geocoding process. A 25% quality control (QC) check was conducted by comparing the available x-and y-coordinates and match scores from each process. Euclidean distances were computed using the x-and y-coordinates to determine the accuracy in using the 2005 street maps as compared to the 2000 and 2002 street maps.
Phase 4: Classification of and Georeferencing of Participants to Block
Groups Each block was classified as urban or non-urban based on the 2000 US Census Bureau's characterization of an urban cluster or urban area. 30 Any block not classified as urban was considered rural. Because our unit of analysis was block group, a block group was classified as urban or rural if all blocks within the block group were similarly classified. For block groups containing both urban and rural blocks, mixed block groups were defined based on the preponderance of urban or rural blocks: mixed urban block groups contained a greater number of urban block groups; mixed rural block groups contained a greater number of rural blocks. Finally, each participant, along with their baseline data, was georeferenced to a census-defined block group.
Phase 5: Linking Neighborhood Sociodemographic Characteristics Select block group sociodemographic characteristics (e.g., median block group income; mean block group education) obtained from the 2000 US Census were linked to the GIS by specific block group codes. A series of maps were produced to geographically illustrate the distribution of sociodemographic characteristics across the study region.
RESULTS
Participants with a missing mailing address (n=10), post office box address that could not be improved by record abstraction or reverse lookup using the telephone number (n=29), or an address outside the tricounty area (n=13) were excluded during phase one, leaving 5,250 for geocoding in phase two. The majority of the deleted post office box addresses were located in urban area post offices (n=16). After implementing both the batch and interactive matches, 4,524 addresses (86%) were matched with a score of 80% or higher, indicating how well the participant address matched the address locator, and 558 (10.6%) were matched with a score of less than 80%; 168 addresses (3.2%) were unmatched. Of the 168 unmatched records, 25 (15.0%) additional addresses were matched using the US Census Bureau Mississippi Data Center street map files, leaving 143 to be manually geocoded. Of these, 130 were manually plotted inside the tricounty area, seven were plotted outside of the tricounty area, and six could not be plotted. The latter two groups (n= 13) were removed from the GIS. The final GIS included 5,237 (98.8%) of the 5,302 JHS participants (Fig. 1) .
Of the addresses that were not matched using batch and interactive matches and either set of map files and were subsequently manually plotted, 60% were located in urban block groups, 15% were in rural, 15% were in mixed rural, and less than 10% were in mixed urban block groups. Urban addresses were easier to locate using Mapquest and US Postal Service addresses. Mixed urban and mixed rural areas were slightly more difficult especially if new subdivisions with new streets had been added. Rural addresses, which comprised only 15% of those plotted, required the use of the purchased maps and Mapquest.
The independent geocoding process without record abstraction yielded a much lower success rate: 4,524 (85.3%) of the 5,302 were successfully geocoded with a match of 80% or higher, 259 (4.9%) were matched with scores less than 80%. The remaining records (n=519) were unmatched and not included in the GIS of the independent geocoding process. The 25% QC check resulted in a 100% match of scores and Euclidean distances equal to zero (i.e., geographic location of the geocoded addresses were the same).
As depicted in the study area map (Fig. 2 ) JHS participants were georeferenced to 288 (91%) of the 317 block groups. According to the 2000 US Census, the percentage of African American population in the 29 block groups without JHS participants varied: 25 contained 30% or less African Americans with seven containing no African Americans; four contained more than 30% African American population. One block group with no JHS participants contained 99% African American population, but was small in both area and total population (n=559) compared to the other block groups.
The majority of the 317 block groups within the study area were classified urban (n=213, 67.2%), with the remainder almost equally classified as rural (n=40, 12.6%), mixed rural (n=35, 11%), and mixed urban (n=29, 9.1%; Fig. 3) . Similarly, 4,033 (77.0%) JHS participants resided in urban block groups. Over 500 participants resided in rural block groups (n=504), followed by 446 in mixed rural, and 254 in mixed urban block groups.
The JHS sample was comprised of a higher percentage of African American females compared to the 2000 Census (which included females of all races) and a higher percentage of participants with a high school diploma or above (Table 1) . Other participant demographic data have been previously reported (13) and are not included in this description of the GIS methods utilized.
DISCUSSION
The increasing focus on the effects of environment and place on health necessitates reliable and valid geographical datasets. This detailed description of the methods and outcomes of creating the JHS GIS provides a resource for accomplishing retrospective geocoding of large epidemiologic studies where spatially linked participant data were not obtained at baseline. Such methodological detail is essential for evaluating the quality of the geographic data to be used in further contextual and spatial analyses. The detailed descriptions of methods used in creating a GIS, including geocoding addresses, in population studies to date have been minimal. 9, 31, 32 Other 33 have utilized geocoded data, but did not describe their GIS methods in detail, limiting the ability to assess the reliability of the geocoded data. Several reported the use of private firms to geocode their data without providing the level of methodological detail presented here. [33] [34] [35] [36] Whether geocoding is done in-house or by a commercial firm, reporting the detailed methods and geocoding results are important for assessing validity as accuracy and error varies using either method. 11, 37 The description of the phases, processes, and decisions involved in retrospectively creating a GIS in the JHS provides a basis for future studies to include in study protocols. Such GIS data offer the opportunity to improve the understanding of place and its contribution in differential health exposures, access to health services, and health outcomes for African American and other minority ethnic groups.
In the JHS after initial deletion of addresses deemed either ungeocodable or unacceptable for geocoding by our protocol (n=52), 96% were geocoded using the automatic batch match and default setting in ArcGIS. Following the multistage methods utilized and described, nearly 99% of the enrolled JHS cohort was geocoded. Several other studies have reported similar 10 or slightly lower results 38, 39 using a multistage interactive approach or further data collection. McElroy et al. 39 recontacted almost 600 participants, but were only successful in matching an additional 276 participants, increasing both personnel and study costs. The JHS used record abstraction and a variety of other methods to improve address specificity and to assign a geographic location to each address, without recontacting participants. Two street map sources with separate address locators were used to improve matching which may not be typical of most other studies that used geocoding. 8, 31, 32, 34, 36 Combining multiple map sources improved the ability to identify street locations and match results without significant financial or time costs. Verification of the existence of addresses using www.usps.com and subsequent location of unmatched addresses using www.mapquest.com were useful tools and improved our results. While these resources are readily available for no cost, both methods increased the personnel hours on the project.
Georeferencing the participants' geocoded data to block groups provided the opportunity to develop maps to assess the distribution of JHS participants across the tricounty study area. While it was not the aim of the JHS to have a balanced sample from each block group but rather to obtain a representative population-based sample with the primary objective of investigating the causes of high prevalence of cardiovascular disease, the GIS gave a snapshot of the success of recruitment strategies that were employed. Classifying each block group as urban, rural, or mixed urban/rural allowed comparing sociodemographic characteristics of the JHS participants with census information for the region. JHS participants were georeferenced to nearly 93% of the block groups in the study area that contained any African American residents and 98% with 5% or more African American residents. The map dispersion provides a means of illustrating the unique elements of the JHS cohort and evaluating the sampling plan for the JHS. The majority of the cohort resided in areas with >30% African American population by design. Racial and ethnic identification was not available in the sampling frame used for the JHS random sample. Due to the high cost of determining eligibility and anticipated low numbers of eligible residents, as lists of potential participants were generated for recruitment in the random sample, persons living in neighborhoods with less than 30% African American residents were excluded from contact.
14 Thus, participants living in neighborhoods with 0 to 29% African Americans were not enrolled through the random sample. The ARIC sample, all of which were originally recruited from within the Jackson city limits, represented a large proportion of the JHS participants that resided in urban block groups. The family and volunteer samples were enrolled if participants met eligibility criteria with no specific geographic target.
Creating the JHS GIS revealed several key lessons. Complete, accurate baseline address data were extremely important to the success of the project. Because the JHS was not designed specifically for geocoding or for future spatial and contextual analyses, mailing addresses rather than physical street addresses were collected at baseline, presenting challenges for geocoding. Address matching requires complete and accurate addresses, especially in urban areas where a single street name may have several directional designations (e.g., N, S, NW, etc.) or types (street, place, circle, etc.). The extensive time required for record abstraction and address improvement (approximately 200 h) and location of map addresses for subsequent manual plotting on the map (an additional 80 h), coupled with the support of GIS experts, were critical to the success of geocoding the JHS cohort. Goldberg et al. 38 investigated the time and effort to improve geocodes in five existing datasets with an interactive web mapping system and concluded that the time involved was substantial, but overall was cost effective. Their time results per record were shorter than in the JHS as they did not attempt to improve addresses through further data abstraction in existing records or other methods used here. Including collection of geocodable addresses in the study design could have reduced much of the time involved in improving addresses.
Additionally, geocoding results varied by urban, rural, mixed urban, and mixed rural location. Generally, urban addresses were easier to locate using the batch and interactive rematch techniques as street names were included in our two map files used. Of the urban addresses manually plotted, the location was effectively located using Mapquest or our reference maps and plotted within a confined area. Addresses located in mixed urban and mixed rural areas frequently involved the addition of new streets that were either not found on the reference maps or via Mapquest. We were able to locate the address using one or the other source or additional reference maps. Rural addresses were located and plotted but generally took more time to locate and necessitated the use of all of our resources.
The JHS GIS is not without limitations. Many of these limitations may similarly exist in other studies using retrospective geocoding of existing participant data. The self-reported participant residential addresses obtained at one point in time incurred all the usual biases of using cross-sectional data. Geocoding did not occur contemporaneously with the collection of baseline data. To minimize potential temporal biases between baseline data collection and geocoding, maps that corresponded to the time period of JHS participant enrollment were used and nearly half of the problematic addresses were located using www.mapquest.com soon after participant baseline data collection. However, the remaining were geocoded 2-4 years after baseline data collection. One suggestion for researchers is to geocode as soon as possible after initial participant data collection and if not possible, to obtain maps of the area that correspond temporally. Libraries and bookstores may be excellent places to begin to search for such maps.
In the JHS, 86% of the addresses were matched at 80% or higher. However, match scores reflect the agreement between the address that is being geocoded and the address locator of the geocoding engine and do not provide information on the accuracy of the geocoded position. Although the geocoding results revealed very high success in locating addresses, there is the possibility that urban address locations may be more precise than rural because of shorter distances between street segments. Rural street segments are longer and although rural addresses were successfully located, the potential for location error must be acknowledged. Several researchers have noted that location accuracy is better in urban areas, while error increases in suburban areas and is the greatest in rural areas. 37, 40, 41 Differences in geocoded locations generally have been less than 100 m for urban areas and can range from 52 to greater than 1,000 m in rural areas. 40 , 41 Although we did not compare our geocoded results to positions obtained either via satellite or by using a global positioning system (GPS), we believe the dataset is accurate based on the multiple methods and maps used and has the level of precision necessary for the types of spatial analysis planned in future studies using JHS data. As in any research, researchers must determine the needs of the project and how the positional error inherent in each geocoding method may affect the validity of results. 40 For the JHS geodatabase, exact GPS coordinates would have been expensive and time-consuming to obtain after enrollment on 5,302 participants in three counties.
The reverse telephone lookup procedures could not be employed for cellular telephones, which will present continuing challenges for future research, as they increasingly become the primary telephone. Strategies that could have prevented most of the issues of address location encountered in geocoding a large, prospective study include using a field GPS unit to create x-and y-position coordinates, obtaining a 911 system address at the time of the home interview, obtaining the street address in addition to the mailing address, and documenting the house location with major cross streets. The cost of GPS units has substantially declined since the study planning for the JHS and new studies should be able to incorporate this more accurate method into research designs. Future studies should consider this relatively inexpensive addition at baseline as part of home-based recruitment and data collection.
Sophisticated analyses of contextual effects on health outcomes will be enhanced by GIS across the life course. Tracking participant mobility as well as obtaining actual addresses at specific life points could strengthen longitudinal study designs. Such data collection is difficult, often relying on recall of past addresses and length of residence. The JHS will be able to geocode parental address at time of birth from birth certificates; however, this process is likely to be fraught with methodological difficulties. As well, ongoing annual follow-up and surveillance of JHS participants will allow for ongoing address geocoding as participants move within or outside of the study area.
CONCLUSION
This paper described many of the challenges in creating a GIS in one large population study and offered practical solutions that enhanced success. Using these multiple strategies, almost 99% of the enrolled participants' addresses were geocoded. Other researchers can utilize many of these solutions either during the research planning stages or retrospectively using existing data in order to create geographic data in large population-based studies without large fiscal costs. The JHS GIS allows analyses and mapping of chronic disease patterns and investigation of the impact of neighborhood residence and neighborhood characteristics with different chronic diseases and health behaviors. Further, it allows analyses of the impact of the built environment on health and health behavior, and assessments of access to health resources. Many of these studies are currently underway. The JHS and its newly created GIS provide a unique opportunity to begin to identify potential reasons for the health disparities that continue to exist for African Americans in the US.
